Since organic falls are ephemeral and distributed sporadically, organisms in organic-fall communities must acquire high dispersal ability to migrate from one organic fall to another. However, the dispersal ability of obligate organic-fall organisms has not been investigated thoroughly and the stability of the genetic structure of their communities is unknown. In this study, in order to elucidate the dispersal ability and genetic structure in the organic-fall communities, we carried out population genetic analyses based on sequences of mitochondrial NADH dehydrogenase subunit 4 in two mytilid mussels. Adipicola pacifica was obtained from whale and cow bones artificially settled in Japanese waters off Cape Noma (CN) and in the Nansei-Shoto Trench (NS) and Sagami Bay (SB), and Benthomodiolus geikotsucola from natural whale bones in the Torishima Seamount ( 
Introduction
The chemosynthetic community at a hydrothermal vent was found along the Galapagos Rift in 1997 [1] [2] . In the 1980s, similar communities were discovered on a seep in the Gulf of Mexico [3] [4] and on whale bones at the Santa Catarina Basin [5] . Primary production in these communities depends on chemosynthetic bacteria, which obtain energy by oxidation of methane and hydrogen sulfide that are emitted from vents and seeps. Hydrogen sulfide is also generated by anaerobic bacterial decomposition of whale carcasses and sunken wood. Whale carcasses experience ecological succession: mobile-scavenger stage, enrichment opportunist stage, sulphophilic stage, and reef stage. Many unique animals constituting the chemosynthetic community have been found at the sulphophilic stage [6] . In Japanese waters off Cape Noma near Kagoshima Bay (depth 225 -229 m), artificially set bones of the sperm whale, Physeter sp., were covered by mytilid mussels Adipicola pacifica and A. crypta [7] . Investigations of the whale-fall community have been performed by the Japan Agency for Marine-Earth Science and Technology (JAMSTEC) as reported by Fujiwara et al. [8] . The chemosynthetic community established on natural bones of Bryde's whale, Balaenoptera brydei, has been observed at the Torishima Seamount (depth 4020 m) [9] . A new species of mytilid mussel Benthomodiolus geikotsucola, which harbored thioautotrophic bacteria, was described from the whale bones [10] .
Vents last less than a few decades, whereas seeps persist for comparatively longer period [11] . Thus, animals must migrate from one vent to another that is sometimes many thousand kilometers away. Two deep-sea mytilid mussels, Bathymodiolus japonicus and Ba. platifrons, inhabiting vents in the Okinawa Trough and seeps in Sagami Bay off Japan [12] , were shown to have high dispersal abilities, as indicated by the lack of genetic differences between the individuals inhabiting the vents and seeps [13] . The high dispersal ability was also suggested in three vent mytilid mussels, Ba. marisindicus, Ba. brevior, and Ba. septemdierum [14] . High gene flow and low genetic divergence existed between Ba. septemdierum from the Izu-Ogasawara Islands-arc and Ba. brevior from the North Fiji Basin, although their habitats are 5000 km apart. Furthermore, perceptible but not high gene flow between Ba. septemdierum and Ba. marisindicus from the Southern Central Indian Ridge and between Ba. brevior and Ba. marisindicus was shown, although their habitats are almost 10000 km apart.
Smith et al. [5] proposed that organic falls act as stepping stones that connect chemosynthetic communities, but only a few species are shared between organic-fall and deep-sea vent/seep communities [6] . In contrast, the "evolutionary stepping stone hypothesis" [15] was supported by studies of mytilid mussels [16] [17] . According to this hypothesis, shallow-water animals utilized organic falls as stepping stones to colonize deep-sea vents and seeps. For adaptation to deep-sea environments, animals must acquire tolerance to toxic hydrogen sulfide and methane, high hydrostatic pressure, and low water temperature. They also have to modify feeding strategies or acquire new ones to get energy under the deep-sea conditions of poor nutrient availability due to lack of photosynthesis. Since whale bones and sunken wood are sporadically available from shallow to deep waters, this hypothesis can explain how animals evolutionarily acquired the tolerance and developed feeding strategies. Furthermore, organisms must acquire high dispersal ability to exploit patchy and ephemeral deep-sea habitats. We hypothesize that high dispersal ability was also facilitated by organic falls. Dispersal ability of mytilid mussels in the chemosynthetic community of organic falls has been investigated poorly until now. Thus, it is not known where these organisms come from when colonizing organic falls and how they migrate from one organic fall to another. Moreover, it is not known whether genetic structure of mytilid mussels in a community is stable or perturbed. The stability of genetic structure seems to closely correlate with the dispersal ability.
The purpose in this study is to evaluate dispersal ability and stability of genetic structure of organic-fall mytilids by population genetic analyses of the sequences of the mitochondrial NADH dehydrogenase subunit 4 (ND4) gene. First, we indicate annual changes of genetic structures of whalebone-associated mytilid mussels, A. pacifica and B. geikotsucola obtained from CN and TS, respectively. Next, we indicate genetic differentiation and gene flow among specimens of A. pacifica from CN, NS, and SB. Finally, we discuss dispersal ability of organic-fall mytilids to test our hypothesis that high dispersal ability was acquired in organic falls to colonize deep sea.
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Materials and Methods
Materials
Specimens used in this study are listed in Table 1 
Sequencing of the Mitochondrial ND4 Gene
Sequencing was performed essentially as described previously [13] . Total DNA was prepared from the soft tissue using a DNeasy ® Blood & Tissue Kit (QIAGEN GmbH, Hilden, Germany) according to the manufacturer's protocol.
To amplify partial fragments of ND4 in A. pacifica (491 bp) and in B. geikotsucola (402 bp), PCR was performed in reaction solutions containing template DNA and KOD Dash (Toyobo Co., Ltd., Osaka, Japan) under the following conditions: 30 cycles of denaturation at 94˚C for 30 s, annealing at 45˚C for 5 s, and extension at 74˚C for 10 s. When PCR amplification under these conditions was not successful, PCR was performed as follows: initial denaturation at 94˚C for 2 min, five cycles of denaturation at 94˚C for 30 s, annealing at 48˚C for 1 min 30 s, and extension at 72˚C for 1 min, followed by 35 cycles of denaturation at 93˚C for 30 s, annealing at 51˚C for 1 min 30 s, and extension at 72˚C for 1 min, and final extension at 72˚C for 7 min. Primers used in this study are described in Table 2 . PCR products were purified using a QIAquick ® PCR Purification Kit (QIAGEN GmbH, Hilden, Germany).
Direct sequencing of the purified double-strand PCR products was performed using a BigDye ® Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems Inc., California, USA) and the same set of primers used for PCR on ABI PRISM 377 and 377XL DNA sequencers (Applied Biosystems Inc., California, USA) according to the manufacturer's directions. DNA sequences were aligned with DNASIS-Mac v3.2 (Hitachi Software Engineering Co., Ltd., Tokyo, Japan) and MEGA 6.0 [20] . All sequences are registered in DDBJ (accession numbers LC062961-LC063128). Comparison between ND4 sequences of A. pacifica determined in this study and the corresponding database sequence of Mytilus edulis revealed the lack of three consecutive nucleotides encoding 34th amino acid of A. pacifica. Similarly, comparison between ND4 sequences of B. geikotsucola in this study and the corresponding database sequence in M. edulis revealed the lack of three consecutive nucleotides encoding 41th amino acid of B. geikotsucola. 
Population Genetic Analysis
Population genetic analysis was performed essentially as described previously [14] . The minimum spanning tree that presents relationships among haplotypes was constructed using MEGA 6.0. Genetic differentiation (F st ) and bidirectional mean rate of gene flow (Nm; the virtual average number of migrants exchanged per generation) were calculated using Arlequin 3.5.1.2 [21] . The significance of F st was evaluated by calculating 1 × 10 4 values. The mismatch distribution was constructed using Arlequin 3.5.1.2, and goodness-of-fit test was used to evaluate discrepancy between observed and model values of the mismatch distribution. The expansion time (τ = 2ut), obtained from the mismatch distribution, is proportional to the number of generations (t) since the population size at equilibrium entered a demographic expansion phase, although the mutation rate (u) of mytilid mussels is unknown.
Results
The minimum spanning trees were constructed using 100 specimens of A. pacifica (Figure 2 ) and 40 specimens of B. geikotsucola (Figure 3) to compare annual changes in genetic structures. In A. pacifica, 27 haplotypes were detected. The haplotype of the greatest majority was shared by 29 (29.0%) specimens from CN in 2003, 2004, 2005, 2007 , and 2010. In B. geikotsucola, four haplotypes were detected. The haplotype of the greatest majority was shared by 34 (85.0%) specimens from TS in 1993 and 2005. Two other haplotypes were found in 1993 and another haplotype in 2005. Genetic structures among sampling sites were compared using the minimum spanning tree constructed from 128 specimens of A. pacifica (Figure 4) . The haplotype of the greatest majority was shared by 41 (32.0%) specimens from CN, NS, and SB.
In A. pacifica CN collections, the values of F st approximated zero in pairwise comparisons, but a significant genetic differentiation (p = 0.03683) was found between specimens collected in 2003 and 2010 (Table 3) . There was no significant genetic differentiation between all combinations except the above combination (p > 0.05), showing almost no annual change in genetic structure. In B. geikotsucola, the F st value was ca. 0.11 and there was no significant genetic differentiation between specimens collected in 1993 and 2005 ( Table 4) Table 6) .
Since there was almost no annual change in genetic structure, data from the annual collections were combined in CN. The values of Fst approximated zero in pairwise comparisons and there was no significant genetic differentiation between specimens from CN, NS, and SB ( Table 7) . The values of Nm were more than one between all combinations, indicating extensive gene flow among CN, NS, and SB. Gene diversities from CN (0.86) and NS (0.80) were higher than that from SB (0.64) ( Table 5 ). The nucleotide diversity from CN (0.0039) was higher than that from SB (0.0029), and that from NS (0.0033) was intermediate between two.
Mismatch distributions of A. pacifica from CN, NS, and SB are shown in Figure 5 . Goodness-of-fit test showed no significant difference between the observed and expected values (0.978, 0.789, and 0.059 for CN, NS, and SB, respectively). The expansion time decreased in the order of SB (2.395), CN (1.873), and NS (1.719), showing that the number of generations decreased in the same order.
Discussion
There was almost no annual genetic change among A. pacifica specimens from CN, suggesting that the population propagated from the founder and has maintained its unperturbed genetic composition by inbreeding. Alternatively, the population has been supplied repeatedly with many propagules of stable genetic composition from Table 3 ). Significant genetic differentiation was found between the 2003 and 2010 collections, in particular, suggesting that the genetic composition changed in 2010 probably due to the decline in the population size, as evidenced by the loss of genetic diversity. The decline in population size may have been caused by waste of whale oil which fuels the whale bone community. There was no genetic differentiation among specimens from CN, NS, and SB, suggesting that A. pacifica has high gene flow and therefore high dispersal ability. As mentioned above, the genetic composition of the 2010 CN collection was somewhat different from that of other CN collections ( Table 3) pacifica. Other studies also suggest high dispersal ability of organic-fall organisms. The siboglinid bone-eating worm Osedax presented almost no genetic difference between specimens obtained from Monterey Bay and Sagami Bay, suggesting trans-Pacific dispersal [22] . Distinct genetic structure of the mytilid mussel, Idas iwaotakii, was not found between the specimens from New Caledonia, Vanuatu, and Papua New Guinea, locations that are from 500 to 2400 km apart [23] .
The "evolutionary stepping-stone hypothesis" is supported in mytilids [16] [17] . In order to adapt to the deep sea, organisms must acquire tolerance to high pressure and low temperature. Symbiosis with chemosynthetic bacteria is one of the best strategies to acquire energy under deep-sea conditions of poor nutrient availability due to lack of photosynthesis. Moreover, organisms must acquire the dispersal ability to reach and utilize patchily distributed deep-sea vents and seeps. Ancestors inhabiting organic falls such as whale bones and sunken wood may have facilitated subsequent colonization of deep-sea vents and seeps.
Phylogenetic analyses of mytilid mussels positioned A. pacifica as an outgroup to Bathymodiolus, which are obligate inhabitants of deep-sea vents and seeps. High dispersal ability of A. pacifica enables their colonization and utilization of organic falls. Whale bones artificially set at CN were colonized by two Adipicola species, A. pacifica and A. crypta. The former tends to inhabit bones positioned over the sediment, while the latter bones buried into the sediment [8] . A. crypta was not found on the whale and cow bones located in NS and SB. This indicates that, unlike A. pacifica, A. crypta may not have high dispersal ability, and that bone-associated and probably wood-associated mytilids may not always have high dispersal ability, which needs to be further tested by genetic studies. Deep-sea Bathymodiolus mussels have small-sized eggs and planktotrophic development, which allows them to disperse long distances. Our preliminary results showed that the egg size of A. pacifica was not different from that of A. crypta, and nearly identical to that of Bathymodiolus. Therefore, we cannot explain the difference in the dispersal ability between A. pacifica and A. crypta. On the other hand, bones at NS and SB may not have represented an environment suitable for survival of A. crypta. The life style, especially dispersal strategy of mytilids inhabiting organic falls such as A. crypta, warrants further studies. Population genetic analyses of more mytilid mussels including organic fall and shallow water species are needed to test our hypothesis that high dispersal ability was facilitated by organic falls.
According to the τ values, the SB population is the oldest and the NS population is the youngest among the studied populations, suggesting that A. pacifica dispersed southward from SB into NS via CN. Larvae of A. pacifica may be transported passively by the currents. However, dispersal from SB into NS seems unlikely because the strong Kuroshio Current in the west Pacific flows northward. Analysis of more specimens from SB is required in order to elucidate the history of A. pacifica expansion (we could use only eight specimens from SB). The τ value (2.062) of A. pacifica excluding the 2010 CN collection was also intermediate between those of NS and SB.
The F st values indicate that B. geikotsucola from TS did not undergo significant genetic differentiation during 12 years, from 1993 to 2005. The present result suggests that the population has kept its genetic composition either by inbreeding or by a repeated supply of numerous propagules from a large, unknown population. It is likely that genetic transition proceeds at a slower pace in deeper sea waters such as TS than in the shallower sea waters such as CN. The community at TS (4020 m depth) is one of the deepest whalebone-associated communities. Whale bones of CN were eroded and covered with sediments very rapidly over the 8-year period, whereas those at TS showed only a small change (erosion) over the 12-year period [JAMSTEC cruise reports, YK-05-09 leg 1]. Moreover, B. geikotsucola had only four haplotypes, while 27 haplotypes were recognized in A. pacifica collections. This may also indicate slower genetic transition in the deeper sea. We collected samples of B. geikotsucola only from TS; hence dispersal ability of B. geikotsucola was not investigated in this study. However, since organic falls have not been discovered in the vicinity of the sampling site, the founder of B. geikotsucola may have been transported long distance to colonize the bones located in TS. This suggests that B. geikotsucola has high dispersal ability. Genetic diversities of B. geikotsucola in 2005 were lower than those in 1993. It suggests the decline in the population size, while infrequent haplotypes may be detected by analysis of more specimens.
Conclusion
Organisms in deep-sea vents and seeps must have high dispersal ability, because vents and seeps are patchily distributed. We hypothesize that high dispersal ability was acquired in organic falls to colonize deep sea. In this study, we showed by genetic similarities among specimens from three localities that one of the organic-fall mytilid mussels, A. pacifica, has high dispersal ability. However, more species and more specimens from different localities need to be analyzed to test the hypothesis. We also showed stable genetic structures of organic-fall mussels, A. pacifica and B. geikotsucola, for about a decade, suggesting that they have propagated from the founder and inbred to maintain their genetic composition or they have been supplied repeatedly with many propagules of stable genetic composition from large sources.
